Abstract. The performance of finger seal as an important component has decisive influence on performance of aeroengine. The complicated operating state of aeroengine, such as assembly condition, also has important influence on finger seal performance. However, equivalent dynamic model has not considered this factor, the effect of that on calculation accuracy of finger seal performance analysis is inevitable. Aiming at the problems mentioned above, a distributed mass is proposed in this paper, and the influence of assembly condition on finger seal performance is investigated. It is shown that, assembly condition of finger seal has important influence on dynamic performance of finger seal. The present work is more close to actual engineering, and the work may have certain academic and practical values.
Introduction
Finger seal as a kind of flexible seal has a better performance-price ratio, it is generally regarded as a seal device with potential application prospects in secondary air systems and bearing chambers in modern aeroengines. Therefore, it has been drawn more and more attentions and studied recently [1, 2] . Arora et al. [3] proposed a finger seal structure that had pressure balance chamber, which could decrease friction between finger element and aft cover plate. Their following experiment work also proved the advantage of this structure, namely, the leakage of finger seal was decreased [4] . Gibson et al. proposed a new combined stiffness of finger stick in the finger element along axial direction, in order to decrease the leakage of finger seal [5] . Chen et al. analysed the dynamic performance of 2.5 dimension C/C composite finger seal with the equivalent dynamic model of distributed mass, and then compared that with Co-based alloy finger seal. It is shown that the contact pressure of C/C composite finger seal is less than that of Co-based alloy, however its leakage rate is larger [6, 7] . The complicated operating state of aeroengines, such as assembly condition, also has important influence on finger seal performance. However, so far the effect of assembly condition on dynamic performance of finger seal has not been investigated. It is necessary to make up this limitations of previous work, and the dynamic performance analysis of finger seal is carried out considering assembly condition.
A distributed mass equivalent dynamic model is proposed, and the influence of assembly condition on finger seal performance is investigated. The current work in this paper is more suitable to engineering practice, and may have much academic significance and engineering values.
Equivalent dynamic model of finger seal

The mechanical behavior between the rotor and multilayer overlay finger seal can be expressed by the distributed mass equivalent dynamic model that is presented in Fig.1 . In Fig.1 , m i and k i are equivalent mass and equivalent structural stiffness coefficient of a single finger stick of the ith finger laminate, respectively. F fi and F cover plate) on the ith finger element. x i is displacement response of finger stick of the ith finger element. As shown in Fig.1(a) , the finger stick and the rotor are in the contact state, k c is the contact stiffness coefficient between the finger stick and the rotor, and y is the displacement excitation of the rotor. As shown in Fig.1(b) , the finger sticks and the rotor are out of the contact state, and the fluid pressure appears between the finger sticks and the rotor due to the leakage clearance generated between them. G i is the fluid pressure acting on the finger sticks of the ith finger element. As shown in Figs 
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where subscript n is the number of finger elements. The mechanical relationship between F fi and F' fi is defined as ( ) (1) 2and is an integer Single finger stick of finger element is equivalent to a lumped mass by the distributed mass equivalent dynamic model. Based on the conservation principle of kinetic energy, the kinetic energy of the finger stick and the finger foot are equal to that of the equivalent mass. Then the equivalent mass m i can be solved with Eq.(4) and presented as [8] where m f is the mass of finger foot, l is the length of the finger stick, ρ is the density of C/C composite, h is the width of finger stick, and δ is the thickness of finger element, x(z) is static displacement of any point mass in finger stick.
(2) Stiffness coefficient of equivalent structure Applying a radial load on the finger foot, and then calculating the displacement of the forced finger foot by FEM. The ratio of radial load to displacement can be confirmed as the equivalent structure stiffness coefficient.
The contact stiffness formula of finger stick and rotor is defined as
where A f is the contact area between the finger stick and the rotor; A a is the nominal contact area of the object involving the rough surface; k s is the stiffness coefficient of no-interface block structure; k R is the stiffness coefficient of the object involving the rough surface. (4) Frictional resistance of finger seal system
The friction resistance between the aft cover plate and the first layer finger element and the friction resistance between the ith layer finger element and the (i+1)th layer finger element are consistently expressed as ( ) ∆& is the velocity difference between the ith layer finger element and the (i+1)th layer finger element; while i=0, 1 () xt ∆& is the velocity difference between the aft cover plate and the first layer finger element; F s(i+1) and F d(i+1) are the static friction and the dynamic friction between the aft cover plate and the first layer finger element (while i=0), or the ith layer finger element and the (i+1)th layer finger element, respectively.
Displacement excitation of the rotor
Combined assembly condition of finger seal with effect of unbalanced mass on the rotor displacement excitation, the rotor displacement excitation is shown as
where Δr is the radial displacement amplitude of the rotor; ω is the angular velocity of the rotor; t is the time; d is magnitude of interference or clearance, '+' and '-' express interference fit and clearance fit respectively.
Fluid pressure between finger stick and the rotor When a clearance is generated between the finger elements and the rotor, the fluid pressure acting on finger stick in each finger element is only related to the axial position of the finger element and the pressure differential of the sealing system. If the fluid pressure is assumed to be linearly distributed along the axial direction, the fluid pressure acting on finger stick in the ith finger laminate is expressed
where P L is the fluid pressure downstream from the seal and ΔP is the fluid pressure differential of the sealing system. Dynamic performance of finger seal system According to the average leakage gap of finger seal, the leakage rate Q during one motion cycle is obtained and shown as where ρ a and η are the density and dynamic viscosity of the fluid, respectively; L is seal leakage length and D r is the diameter of the rotor.
During one motion cycle of the rotor, the average contact pressure between the finger stick and the rotor in ith finger element is shown as
where A i is the contact area between the ith layer finger laminate and the rotor; F i (t) is the contact force between the ith layer finger laminate and the rotor; t 0 is initial time point; f is the number of time steps in a running period of rotor; Δt is the scale of time step.
Results and discussion
Dynamic performance of 2.5 dimension C/C composite finger seal considering assembly condition is mainly studied, the analysis of finger seal is composed of nine layer finger elements by calculation limitation.
The object of single finger stick in 5th finger element is studied in this section. Effect of assembly condition on displacement is shown in Fig.2 . It is shown that, in accordance with clearance fit, no clearance fit and interference fit, the displacement response of finger stick would be decreased. Corresponding to that the leakage between finger stick and the rotor would be also decreased, as shown in Fig.3 . Fig.2 Effect of assembly condition on displacement response of finger stick Fig.3 Effect of assembly condition on leakage gap of finger stick Effect of assembly condition on contact pressure is shown in Fig.4 . It is shown that, finger stick and the rotor is out of contact in the whole cycle when clearance fit. That indicates when clearance fit the following characteristic of finger stick is weakened. The contact pressure between finger stick and the rotor is maximum when interference fit, then the contact time is advance and the time of out contact is delay. That means when interference fit the wear of finger seal is obvious, and that makes the life of finger seal become short.
Average leakage gap and leakage rate under different assembly condition of 2.5 dimension C/C composite finger seal is shown in Table 1 . Corresponding to Fig.3 , in accordance with clearance fit, no clearance fit and interference fit, the average leakage gap and leakage rate would be decreased. Fig.4 Effect of assembly condition on contact pressure 
Conclusions
It is shown that the assembly condition has decisive influence on dynamic performance of finger seal in the paper. In accordance with clearance fit, no clearance fit and interference fit, the leakage gap of finger stick and the rotor would be decreased, while the contact pressure would be increased. It is reflected that the leakage and wear are two contradictory performance indexes of finger seal.
